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ABSTRACT: Thermal performances of several types of vertical ground heat exchangers (GHEs) were 
investigated numerically in discontinuous operation mode. The heat buildup in the ground surrounding the 
borehole is alleviated with stabilizing the ground temperature in the off-time. The discontinuous operation 
modes of 6, 10, and 12 h operations in a day of the ground source heat pump (GSHP) system are feasible for 
residential and commercial buildings. The performances of three types of GHEs for GSHP system including 
U-tube, double-tube and multi-tube have been investigated in discontinuous operation modes and also in 
continuous operation mode to consider the different characteristic of their performances. Water flows through 
the heat exchangers and exchanges heat with the surrounding ground. The GHE models were simulated using 
the commercial computational fluid dynamics (CFD) software FLUENT. The simulation model was applied 
in 10 days operation with discontinuous and continuous operation modes. The thermal performance of the 
GHEs descends gradually due to increasing the ground temperature around the borehole. The heat exchange 
rates of the three types of GHEs in discontinuous operation modes increased significantly compared with that 
of in continuous operation mode. As an example, the minimum heat exchange rate in discontinuous of 6 and 
12 h operations in a day increase of 42.6 % and 18.6 % for U-tube, 50.7 % and 19.3 % for double-tube, and 
41.8 % and 18.3 % for multi-tube, respectively. Operating the GHEs in discontinuous operation mode may 
reduce the borehole depth such as 2.5 to 5 m for U-tube and multi-tube, and 3.5 to 8 m for double-tube. It can 
be constructive information to get the optimum design of GHE system in practical engineering. 
 
 
1. INTRODUCTION 
 
     The geothermal energy sources are locally 
available and environmentally friendly energy source in 
the case of reducing CO2 emission. This energy source is 
widely used in practical engineering for space heating 
and cooling, hot water heating and applications in the 
agricultural field. The well-known application is for 
space heating and cooling in residential and commercial 
buildings with using GSHP system. Recently, the vertical 
type of GHE has widely used in the GSHP system. 
However, the relatively high initial cost to build this 
system due to the installation obstruct to the spread of 
the system in applications particularly in residential 
building. The research and developments of GSHP 
technology with the various models and 
design/simulation techniques was described in a detailed 
review of models and systems of vertical GSHPs [1]. 
Numerical methods are widely used to consider the 
complex problem due to simplification of these methods. 
Numerical solutions were employed in a number of 
research studies [2-5]. Also, numerical simulation using 
commercial computational fluid dynamics (CFD) 
software FLUENT was used in the ground source energy 
system [6-8].  
     The performance of the GHEs descends gradually 
due to the heat buildup in the ground surrounding the 
borehole. Discontinuous operation mode and 
cooling/heating alternative operation modes in the short 
time scales can reduce the heat buildup in the 
surrounding ground and improve the system performance 
[9]. The performance of the three types of GHEs was 
investigated experimentally with different flow rate [10]. 
Operation of GHE system such as discontinuous and 
continuous modes brings the different characteristic of 
their performances. The discontinuous short-time period 
of operation of three types of GHEs was discussed [11]. 
Increasing the ground temperature around the borehole 
decreases the performance of the GHE system. The 
discontinuous operation mode of GHE system may 
alleviate the heat buildup in the ground surrounding the 
borehole due to stabilizing the ground temperature in the 
off-time period.  The discontinuous operation modes of 
6, 10, and 12 h operations in a day are feasible for 
residential and commercial buildings. Therefore, it is 
beneficial to investigate the performances of GHE 
system in the discontinuous operation modes.  
     The present research investigated numerically the 
thermal performances of three types of GHEs including 
U-tube, double-tube and multi-tube in the discontinuous 
operation modes of 6, 10, and 12 h operations in a day. 
The increasing of ground temperature around the 
borehole for both discontinuous and continuous 
operation modes is presented. The heat exchange rates in 
discontinuous operation mode are studied and in 
continuous operation mode are also considered.  
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2. GROUND HEAT EXCHANGER SYSTEM 
 
     The schematic diagram of the three types of GHEs 
is shown in Fig. 1. Steel pipes were buried in the ground 
at a depth of 20 m and used as pile foundation of the 
GHEs. The U-tube and multi-tube GHEs were inserted in 
a steel pile and the gaps between the steel pile and tubes 
were backfilled with silica-sand. The U-tube is a 
polyethylene pipe. The multi-tube consists of a polyvinyl 
chloride pipe as the central pipe and four polyvinyl 
chloride pipes placed around the central pipe. The central 
pipe is the outlet tube and the four pipes around the 
central pipe are the inlet tubes. The outlet tube was 
insulated to protect heat exchange process from the inlet 
tubes. In the double-tube GHE, a stainless steel pipe is 
used as the inlet tube of the GHE and a small diameter 
polyvinyl chloride pipe is installed inside the stainless 
steel pipe as the outlet tube. 
 
3. SIMULATION MODELS 
 
3.1 Three-Dimensional Model 
 
     Three-dimensional unsteady-state models were 
built and simulated using the CFD-software FLUENT in 
order to investigate heat exchange from the GHEs 
system to the ground around the borehole. The software 
uses a finite volume method to convert the governing 
equations to numerically solvable algebraic equations 
[12]. The GHE models consist of three types of GHEs 
namely U-tube, double-tube and multi-tube inserted to 
the boreholes. Fig. 2 shows the horizontal cross-sectional 
of the three types of GHE models. The models of 
simulation are taken of the symmetry of the heat transfer 
with vertical plane of borehole as shown in this figure. 
The ground around the GHEs system is modeled of 5 m 
in radius. 
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Fig. 1  The schematic diagram of the three types of GHEs 
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Fig. 2  The horizontal cross-section of the three types of GHE models 
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Table 1   
Related parameters and properties [13] of the U-tube 
model 
 
Parameters Value Unit 
Inlet and outlet pipes (material: Polyethylene) 
Outer diameter, do 0.033 m 
Inner diameter, di 0.026 m 
Thermal conductivity, kPE 0.35 W/(m K) 
Specific heat, CP 2300 J/kg K 
Density,  920 kg/m
3
 
Leg spacing, x 0.02 m 
Pile foundation (material: Steel) 
Outer diameter, do 0.1398  m 
Inner diameter, di 0.1298  m 
Thermal conductivity, kSteel 54  W/(m K) 
Specific heat, CP 465  J/kg K 
Density,  7833  kg/m
3
 
Grout (material: Silica sand) 
Thermal conductivity, kgrout 1.4 W/(m K) 
Specific heat, CP 750 J/kg K 
Density,  2210 kg/m
3
 
 
Table 2   
Related parameters and properties [13] of the double-
tube model 
 
Parameters Value Unit 
Inlet pipe / pile foundation (material: Stainless Steel) 
Outer diameter, do 0.1398 m 
Inner diameter, di 0.1298 m 
Thermal conductivity, kStainless 13.8 W/(m K) 
Specific heat, CP 460 J/kg K 
Density,  7817 kg/m
3
 
Outlet pipe (material: Polyvinyl chloride) 
Outer diameter, do 0.048 m 
Inner diameter, di 0.04 m 
Thermal conductivity, kpipe 0.15 W/(m K) 
Specific heat, CP 960 J/kg K 
Density,  1380 kg/m
3
 
 
     The related parameters and properties of the GHEs 
are presented in Tables 1-3. Ground profile up to 15 m in 
depth is Clay and below 15 m is Sandy-clay. The 
properties of the ground are presented in Table 4.  
 
3.2 Boundary Condition 
 
     Constant temperature was applied to the top and 
bottom surfaces of the model. The initial ground 
temperature around the three types of GHEs was set to 
be constant. The typical condition of ground was applied 
in the simulation such as ground temperature surface of 
25 

C and the temperature below 5 m in depth are 
assumed to be constant of 17.7 

C. This condition was 
similar with summer season on September 2010 at Saga 
city, Japan. The ground temperatures up to 5 m in depth 
were influenced by ambient climate.   
 
 
 
Table 3   
Related parameters and properties [13] of the multi-tube 
model 
 
 
Parameters Value Unit 
Inlet pipe (material: Polyvinyl chloride) 
Outer diameter, do 0.025 m 
Inner diameter, di 0.02 m 
Thermal conductivity, kpipe 0.15 W/(m K) 
Specific heat, CP 960 J/kg K 
Density,  1380 kg/m
3
 
Outlet pipe (material: Polyvinyl chloride) 
Outer diameter, do 0.02 m 
Inner diameter, di 0.016 m 
Thermal conductivity, kpipe 0.15 W/(m K) 
Specific heat, CP 960 J/kg K 
Density,  1380 kg/m
3
 
Adjacent pipe distance, l1 0.05 m 
Opposite pipe distance, l2 0.07 m 
Pile foundation (material: Steel) 
Outer diameter, do 0.1398  m 
Inner diameter, di 0.1298  m 
Thermal conductivity, kSteel 54  W/(m K) 
Specific heat, CP 465   J/kg K 
Density,  7833  kg/m
3
 
Grout (material: Silica sand) 
Thermal conductivity, kgrout 1.4 W/(m K) 
Specific heat, CP 750 J/kg K 
Density,  2210 kg/m
3
 
 
Table 4   
The properties of ground [14] 
 
Parameters Value Unit 
Clay (temperature: 293 K; water content: 27.7%) 
Density,  1700 kg/m
3
 
Specific heat, CP 1800 J/kg.K 
Thermal conductivity, kClay 1.2 W/m.K 
Sandy-clay (temperature: 293 K; water content: 21.6%) 
Density,  1960 kg/m
3
 
Specific heat, CP 1200 J/kg.K 
Thermal conductivity, kSandy-Clay 2.1 W/m.K 
 
4. SIMULATION OF THE GHE MODELS 
 
     In order to investigate the thermal performance in 
discontinuous operation mode, the GHE models were 
simulated with operation times of 6, 10, and 12 h in a day. 
The models were also simulated in continuous operation 
mode to consider the different characteristic of their 
performances for both operation modes. The operation 
times of 6, 10, and 12 h in a day of the GHEs in 
discontinuous operation mode are feasible for residential 
and commercial buildings. In addition, operating the 
GHEs in discontinuous operation may reduce the 
borehole depth. Therefore, the GHE models with 
reducing borehole depth were simulated in discontinuous 
operation mode. In this present research, the models 
were simulated in the cooling mode with flow rate of 5 
l/min and inlet temperatures were set to be 27 

C.       
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Fig. 3  The ground temperature profiles of the three 
types of GHEs at 10 m depth 
 
5. RESULTS AND DISCUSSION 
 
5.1 The Ground Temperature Distribution 
 
     The heat buildup in the ground surrounding the 
borehole contributes to the thermal performance of 
GHEs as mention in the previous section. Fig. 3 shows 
the simulation results of temperature distribution at 10 m 
depth of the ground around the GHEs at 0.25 m and 0.5 
m away from the central borehole in discontinuous of 12 
h operation and in continuous operation. In 
discontinuous operation, stabilizing the ground 
temperature in the off-time is clearly shown at the 
ground temperature of 2.5 m. Decreasing the ground 
temperature in the off-time alleviates the heat buildup in 
the surrounding borehole. In addition, the ground 
temperature around the double-tube is higher than that of 
the U-tube and multi-tube. It is due to the large of 
rejected heat to the ground in the double-tube.    
 
5.2 Heat Exchange Rate 
 
     The thermal performances of the GHEs were 
investigated by calculating their heat exchange rates. The 
heat exchange rate is defined as the heat exchange per 
meter of borehole depth. The heat exchange is calculated 
by the following equation  
         
                        (1) 
 
where m  is flow rate, CP is specific heat, and T is the 
temperature difference between the inlet and outlet tubes 
of circulated water. The heat exchange rate is given by   
 
                                 (2) 
 
where L is the depth of each GHE. 
     The heat exchange rates in discontinuous of 6, 10, 
and 12 h operations in a day are shown in Fig. 4. Also, 
the heat exchange rate in continuous operation is shown 
in this figure. In continuous operation, the heat exchange 
rates are high in the beginning of operation due to the 
constant temperature of the ground around the borehole. 
After specific time of operation, the heat exchange from 
the circulated water to the ground increases the 
temperature of the ground around the borehole and then, 
the heat exchange rate declines slightly. The increasing 
of ground temperature around the GHEs at 0.25 m and 
0.5 m away from the central borehole are shown in the 
Fig. 3. This fact indicated that the heat exchange rate 
decreases due to the heat buildup in the ground 
surrounding the borehole. In discontinuous operation, the 
heat exchange rate is still high after the off-time period. 
The stabilizing the ground temperature in the off-time as 
shown in Fig. 3 contributed to the heat exchange rate. 
The duration of off-time period also affect the heat 
exchange rate. As shown in Fig. 4 for discontinuous 
operation, the heat exchange rate of the operation of 6 h 
in a day is higher than that of 10 and 12 h in a day.  
     In order to study the different characteristic of the 
both operation modes, their heat exchange rates are 
compared. The heat extraction rates in discontinuous of 6, 
10 and 12 h operations in a day are higher than that of in 
continuous operation. As an example of simulation 
results, the minimum heat exchange rate in discontinuous 
  
TCmQ P 
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Fig. 4  Heat exchange rate of the three types of GHEs 
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Fig. 5  Heat exchange of the three types of GHEs 
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operation is compared with that of in continuous 
operation at the same operation time such as in 6 h 
operation at 9.25 days increase of 42.6 % for U-tube, 
50.7 % for double-tube, and 41.8 % for multi-tube, in 10 
h operation at 9.42 days increase of 24.6 % for U-tube, 
26.1 % for double-tube, and 24.4 % for multi-tube, and 
12 h operation at 9.5 days increase of 18.6 % for U-tube, 
19.3 % for double-tube, and 18.3 % for multi-tube. 
Operating the GHEs in discontinuous operation mode 
may reduce the borehole depth. Figs. 5 (a) and (c) show 
the heat exchange in discontinuous operation with 15, 
17.5, and 20 m depth and in continuous operation with 
20 m depth for U-tube and multi-tube. The minimum of 
heat exchanges in discontinuous of 6 h operation with 15 
m depth and of 12 h operation with 17.5 m depth are 
same with that of in continuous operation with 20 m 
depth at 10 days operation. In the double tube, the heat 
exchange in discontinuous operation with 12, 16.5, and 
20 m depth are shown in Fig. 5 (b). The minimum of 
heat exchanges in discontinuous operation of 6 h 
operation with 12 m depth and of 12 h operation with 
16.5 m depth are same with that of in continuous 
operation with 20 m depth at 10 days operation. This fact 
indicated that operating the GHEs in discontinuous 
operation mode may reduce the borehole depth such as 
2.5 to 5 m for U-tube and multi-tube, and 3.5 to 8 m for 
double-tube.  
 
6. CONCLUSIONS 
 
     The thermal performance of the three types of 
GHEs in discontinuous operation mode presents the 
different characteristic compared with that of in 
continuous operation mode. Discontinuous operation 
modes of 6, 10, and 12 h operations in a day are feasible 
in residential and commercial buildings. Operating the 
GHEs in this operation mode can improve the system 
performance and provide the possibility of reducing the 
borehole depth. It can be constructive information for 
design the GHE system. Therefore, the operation mode 
should be considered to get the optimum design of GHE 
system in practical engineering. In addition, reducing the 
borehole depth can make attractive system economically 
due to reducing installation cost. 
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